We sought to investigate the imaging of the left atrial (LA) muscular bundle and the relationship between the bundle and inducibility of tachyarrhythmia after pulmonary vein isolation (PVI).
Papez (1) reported left atrial (LA) muscular bundles, which are large flat external bundles covering the upper and posterior surfaces of the LA between the pulmonary veins (PVs) and encircle the orifices of the PVs. Papez bundle spread out in 6 bands, with conduction occurring along the bundles, and double potentials (DPs) can be recorded along the 2 sides of the bundles. Also, previous studies reported that the muscular bundles play an important role in the pattern of the LA activation (2) (3) (4) . On the other hand, noninducibility of LA tachyarrhythmia is a clinically useful end point of LA circumferential ablation, and noninducibility of LA tachyarrhythmia achieved by additional LA linear ablation may be associated with a better clinical outcome (5) (6) (7) . However, the mechanism of inducible LA tachyarrhythmia after PV isolation (PVI) is still unclear. The aim of this study was to investigate the imaging of the LA muscular bundle and the relationship between the LA muscular bundle and inducibility of tachyarrhythmia after isolation of all PVs.
Methods
Forty-three consecutive patients (age 49 Ϯ 13 years, 34 men) with paroxysmal atrial fibrillation (AF) and normal structure heart that underwent ablation were included. These patients did not have any prior ablation procedure. The bi-atrial bipolar voltage and total activation time were investigated using a NavX mapping system (St. Jude Medical, Inc., Minnetonka, Minnesota.) during sinus rhythm. The study population underwent a 16-slice multidetector computed tomography (MDCT) scan 1 to 14 days before the ablation procedure, and informed consent was obtained. Electrophysiological study and electroanatomic mapping. Each patient underwent an electrophysiological study and catheter ablation in the fasting, nonsedative state after written informed consent was obtained. A quadripolar catheter placed in the ascending aorta was selected as the position reference. The electrodes of coronary sinus (CS) catheter were used to provide the timing reference signal during the mapping procedure. The algorithm for the analysis of voltage is shown in Figure 1 . After completing an intact right atrial and LA geometry reconstruction, a sequential contact voltage map was constructed in all 43 patients. Bipolar electrograms were filtered between 32 and 300 Hz and recorded digitally. The absolute peak was selected as the detection setting to determine the point of activation in the waveform. A 4-mm tipped ablation catheter (EP Technologies, Boston Scientific, Inc., Boston, Massachusetts) was selected as the roving catheter. The roving signal was used to collect the local activation time (relative to the reference signal) and voltages whereas the roving catheter came in contact with the atrial wall as it was swiped throughout the atrium during sinus rhythm. The signal from the roving catheter was used to build a sequential map. The total activation time was defined as the time interval from the earliest to the latest activation point in the atrium. After completion of the sequential map, the bipolar mapping points were collected and analyzed by the offline software (8, 9) . The software system determines the voltage contribution to the surface area of each point using the distance to the nearest neighboring point, presenting the weighted voltage ([nearest distance ϫ peak to peak bipolar voltage]/mean overall nearest distance). An index of heterogeneity of the bipolar voltage amplitude was obtained by calculating the coefficient variation (defined as standard deviation/mean value) of the voltage of all points. The average bipolar mapping sites in the right and left atria were 214 Ϯ 108 and 245 Ϯ 112 points for each patient, respectively. A conduction block line was identified as a conduction delay and the occurrence of DPs, associated with the wavefront turning. The DPs were defined as potentials separated by an isoelectric interval (Ͼ25 ms), with the local activation times of the DP annotated on the largest potential. The peak to peak bipolar voltage and interval between the DPs on the conduction block line were recorded. The DP interval was defined as the interval between the onset of the first and that of the second deflection (10) . The index of the DPs was defined as the number of (DPs/total mapping points) ϫ 100%. Sinus rhythm DPs were not present at sites other than those included in the anterior and posterior block lines. Because the PV potential on the PV ostium or inside the PV is easily confused with DPs electrogram, the area of PV-atrial junction was excluded for analysis of DP. Catheter ablation. We performed the modified selective PV angiography by positioning the pig-tail catheter in the right and left pulmonary artery level, and took the venous phase of pulmonary angiography with biplane fluoroscopic views (right anterior oblique 30°and left anterior oblique 60°) in each patient. Provocation of AF was performed in each patient before the catheter ablation procedure. Continuous circumferential lesions were created encircling the right and left PV ostia guided by the NavX system using a 4-mm-tip ablation catheter (EP Technologies, Boston Scientific, Inc.). Radiofrequency (RF) energy was applied continuously while repositioning the catheter tip every 40 s with a target temperature of 50°C to 55°C and maximum power of 50 W in the temperature control mode. Temperature was reduced to 45°C to 50°C when (RF) energy to the posterior wall near the esophagus was necessary. The intention was to place the RF lesions at least 1 to 2 cm away from the angiographically defined ostia. After completion of the circumferential lesion set, ipsilateral superior and inferior PVs were mapped carefully by a circular catheter recording (Spiral, AF Division, St. Jude Medical, Inc.) during sinus rhythm or CS pacing. Supplementary ablations were applied along the circumferential lines close to the earliest ipsilateral PV spikes. Furthermore, ablation of the residual PV potentials was performed from the atrial side of the PV antrum using the electrogram-guided approach (entrance block). After successful isolation of all four PVs, which was confirmed by PV circumferential mapping, high (12) . In brief, a nonionic contrast medium, iohexol (350 mg of iodine per milliliter; Omnipaque, Amersham Health, Amersham, United Kingdom), given in a test dose to determine the moment of the peak left atrial filling, and subsequently, 80 ml of a contrast medium chased with 60 ml of saline was administered through the antecubital vein with the use of a power injector at a rate of 3.5 ml/s, after which the scanning was initiated. The image acquisition was performed from the base of the lungs to the apices during a single breath hold. The table speed and pitch were heart rate dependent because the image acquisition was electrocardiographically gated. The acquisition time was 20 to 25 s and the in-plane resolution was ϳ0.6 mm. The endoscopic view. To study the endoscopic views of the LA structures, the image was sent to the workstation (Advantage windows, version 4.0, General Electric Medical Systems, Milwaukee, Wisconsin) and an image analysis was performed with commercially available CT navigator software (Voxtool 3.0.51f, General Electric Medical Systems).
The software allowed for voxel elimination on the basis of a user-defined threshold density value, which in the case of the LA usually was between 160 and 300 Housfield units depending on the enhanced density of the contrast. We could choose the intensity level according to the vascular boundaries and adjust the threshold to smooth the endocardial surface. The images were obtained if the LA structures were consistent and showed little change during the fine adjustment of threshold. The ridge was defined as a narrow, raised band above the surface with a width of 5 mm or less. It was possible to examine the area of interest as if the operator had a scope allowing that operator to look inside the LA; the operator could also move freely inside the cardiac cavity and into the PVs. Statistic analysis. The parametric data are reported as the mean Ϯ SD. Chi-square with the Fisher exact test was used for categorical data. The Mann-Whitney rank-sum test was used for continuous data. Multivariate logistic regression analysis was performed to determine the clinical predictors of LA flutter/AF after PVI. Variables selected to be tested in multivariate analysis were those with p Ͻ 0.2 in the univariate models. A value of p Ͻ 0.05 was considered to be statistically significant.
Results
Left atrial activation pattern. Thirty-six of the 43 (84%) patients showed a typical LA activation sequence, which was characterized by the earliest breakthrough site occurring at the high posteroseptum (around right superior PV to Bachmann's bundle) with the wavefront extending to the roof, descending to the posterior wall near the left PV, and finally ending near the mitral isthmus ( Fig. 2) . Seven of the 43 (16%) patients showed an atypical LA activation pattern. Two of 7 patients with an atypical activation had the earliest activation site at the posterior wall with the wavefront extending to the roof, descending to the anterior and septal wall, and the latest activation site occurred near the mitral isthmus. Four patients with an atypical activation pattern had the earliest activation site at the high posteroseptum with the wavefront extending to the roof, descending to the posterior wall near the left PV, crossing over the lateral mitral isthmus, and ending at the LA appendage (Fig. 3 ). The remaining patient had the earliest activation site at the high posteroseptum with the wavefront extending to the roof, descending to the posterior wall, crossing over the mitral isthmus, and ending at the low anterior wall near the mitral annulus. organized LA flutter with transforming to AF after PVI. The clinical and electrophysiological characteristics in patients with organized LA flutter with or without transforming to AF after PVI are shown in Table 3 . The cycle length of the organized flutter with transition to AF was shorter than those without transition to AF (178 Ϯ 13 ms vs. 201 Ϯ 17 ms, p ϭ 0.007). Otherwise, there was no significant difference between the 2 groups. The effect of PVI on the LA substrate. We also investigated LA activation during sinus rhythm before and after PVI in another 25 patients (19 men, age 49 Ϯ 13 years) with paroxysmal AF. Twenty-three of 25 patients (92%)
had the same LA activation pattern before and after PVI. The remaining 2 patients had the earliest activation site at roof after PVI, which was different from that before PVI (earliest breakthrough at high posteroseptum). There was no difference in the LA total activation time (86 Ϯ 16 ms vs. 93 Ϯ 18 ms, p ϭ 0.19), prevalence of DPs (4.1 Ϯ 1.5% vs. 4.2 Ϯ 1.5%, p ϭ 0.81), or DP intervals (30 Ϯ 3 ms vs. 31 Ϯ 3 ms, p ϭ 0.86) between before and after PVI. LA flutter/AF after PVI. An isochrone map of LA flutter was created in 8 patients after PVI (Table 4) . Of them, 6 flutter circuits were bounded by the block line located on the bilateral wall (Fig. 2) ; one was bounded by a block line Table 2 . In the patients with LA flutter/AF after PVI, there was a longer LA total activation time (88 Ϯ 16 ms vs. 74 Ϯ 13 ms, p ϭ 0.003), larger LA diameter (38 Ϯ 6 mm vs. 35 Ϯ 4 mm, p ϭ 0.04), and greater incidence of bilateral block line (83% vs. 42%, p ϭ 0.01) than in the patients without LA flutter/AF after PVI. Multivariate analysis revealed that only the existence of bilateral block line in electroanatomical mapping was an independent predictor for the occurrence of LA flutter/AF after 4 PVI (p ϭ 0.02).
Discussion
Main findings. The bilateral muscular bundles play an important role in the formation of LA flutter/AF after PVI.
The electroanatomic and image findings suggested that the muscular bundles are the barriers during LA flutter after PVI. Patients without any inducible LA flutter/AF after the PVI or after PVI plus additional ablation lines had an excellent clinical outcome. Left atrial activation during sinus rhythm. Although Lemery et al. (13) reported that LA activation occurred over Bachmann's bundle in all patients, they did not describe the LA activation and the earliest endocardial LA breakthrough in detail. Markides et al. (2) had reported that the earliest endocardial LA breakthrough during sinus rhythm occurred on the posteroseptal wall adjacent to the ostia of the right PVs in 10 patients (53%); Bachmann's bundle in 7 patients (37%); and near the oval fossa in 2 patients (10%). This result is similar to our finding, which indicates that the earliest endocardial LA breakthrough during sinus rhythm varies in study population. Effect of the substrate in the inducible LA flutter/ AF. There is a larger LA diameter in the patients with LA flutter/AF after PVI than those without it in our present study. Dilated atria contributes to the change of electroanatomical substrate which is characterized by increased nonuniform anisotropy and macroscopic slowing of conduction, promoting re-entrant circuits in the atria (14, 15) , which suggests that a remodeling substrate may play an important role in LA flutter/AF after PVI. On the other hand, the total activation time of LA was longer in patients with LA flutter/AF after PVI compared with those without it, suggesting the potential presence of a conduction delay that may increase the incidence of macro-re-entry circuits. Several investigators have reported the prolonged atrial conduction time is the predisposing factor for the development of AF and AFL which is related to fibro-degeneration (16 -18) . Prolonged intra-atrial conduction may be responsible in part for the increased propensity to atrial arrhythmias (15, 19) . In addition, there was no difference in the LA total activation time and the prevalence of DPs and DP intervals between before and after PVI, suggests that the PVI may have a less effect in the acute substrate remodeling. Pathologic, electroanatomic, and image findings of the LA muscular bundle. Most of the LA muscular bundles are broad bands with a longitudinal orientation and abrupt change in myocardial fiber orientation that forms the barrier of the muscular bundle (2). The bilaminate structure, a thin layer of muscle sandwiched between the endocardial surfaces of the primary atrial septum, could result in the barrier and maintenance of the LA septal flutter (4). Lines of conduction block, which are observed in the posterior wall, are present during sinus rhythm and CS pacing (3) . Left atrial muscular bundle could be identified as a conduction block line in every patient in sinus rhythm, which may be related to the LA re-entry circuit (2, 4) . The conduction block line was complete in 79% of the patients. In the remaining 21% of the patients, the septal part of the line was incomplete, which shows a considerable anatomic variation in the extent and completeness (2) . In the present study, the orientation of the ridge is identical to the LA muscular bundle described by previous pathological studies (1, 2, 4) . In the isochrone map, the location of the conduction block line was found in 91% patients, which were similarly located in each of the patients and compatible with the anatomic orientation of the LA muscular bundle. The location of conduction block lines during LA flutter was similar to those during sinus rhythm, which provides an evidence of functional block across the muscular bundles. Furthermore, the orientation of the muscular bundle in MDCT was identical to the conduction block line in the isochrone map. Both the pathological and image findings suggested that the electroanatomic mapping could identify the muscular bundle. In addition, studies in both atrial and ventricular tissues demonstrated that normal anatomic heterogeneities play an important role in the generation of wave splitting and maintenance of re-entry (20 -22) . Although conduction block can be found in most of the patients, there were differences in the electrophysiological characteristics between the patients with LA flutter/AF and those without it. Only the existence of bilateral block line in electroanatomical mapping was an independent predictor for the occurrence of LA flutter/AF after PVI. It suggests that the muscular bundle plays an important role in the formation of LA flutter/AF after PVI. On the other hand, some episodes of atrial flutter may degenerate into AF (23, 24) . A single, stable re-entry circuit with short cycle length could result in fibrillatory conduction (25) . Because a re-entry circuit with short cycle length will only activate small portions of the atria in a 1:1 manner, the rest of the atria will be activated irregularly and result in AF (26) . Moreover, uneven thickness of the atrial tissue created by pectinate muscle bundles facilitates the development of intra-atrial re-entry, and anchoring of the re-entry to muscle bundles results in a regular tachycardia, whereas detachment of the re-entrant wave front from muscle bundles results in "fibrillation-like" activity (22, 27) . In our present study, the cycle length of the organized flutter with transition to AF was shorter than those without it, which may represent the short re-entrant circuit leading to fibrillatory conduction. Role of the DPs in the LA flutter before PVI. Histological finding of the prominent LA muscular bundle confirmed the changes in the fiber orientation and crossover arrangements deeper in the wall (2) . The heterogeneous arrangements of the muscular fibers could be represented as a low voltage and conduction block line which provides an electroanatomic barrier for a re-entry circuit. The present study demonstrated a significant conduction delay along the block line with a longer interpotential interval during sinus rhythm in the patients with LA flutter/AF after PVI compared with those without it. The area of DP could play a role for the occurrence of LA flutter/AF, similar to that of the crista terminalis (CT) during typical atrial flutter (4) . Our previous study demonstrated that the maximal DP interval in the CT tended to be longer in patients with clinical atrial flutter than those without atrial flutter (10).
Poor transverse conduction property in the CT may be the requisite substrate for the clinical occurrence of atrial flutter (10, 28) . This result is similar to our present finding that the DP interval in the LA muscular bundle is longer in patients with AFL/AF after PVI than those without it (33 Ϯ 5 ms vs. 29 Ϯ 4 ms, p ϭ 0.02, 12.1% difference). Furthermore, greater number and longer duration of DPs also may be related to the genesis of atrial arrhythmias (15, 19) . In the present study, we localized the lines of conduction block with DPs in the anterior septum and posterior wall of the LA, which were compatible with the orientation of the muscular bundles. The existence of bilateral block line was an independent predictor for the occurrence of LA flutter/AF after PVI. Therefore, the greater interval of DP may be important in the development of recurrent AFL/ AF. In addition, our present study demonstrated that the LA enlargement contributing to the changes in the electrophysiological properties, including decrease of the voltage and prolongation of the conduction time in the conduction block line. The consistency of electroanatomic remodeling suggests that the muscular bundles have a potential to cause the development of a re-entry circuit in patients with AF (14) . Implications for RF ablation of LA flutter/AF after PVI. Noninducibility of AF after LA circumferential ablation plus additional ablation lines is the clinically useful end point (5). In our study, the poor outcome in the patients with inducible LA flutter/AF after PVI plus additional ablation lines also suggests that the noninducibility is a valuable end point for PVI plus additional ablation lines. Scar zones and DP lines have been documented as anatomic barriers for LA macro-re-entrant tachycardia (29) . The protected isthmus between 2 anatomical barriers is amenable to RF ablation (30) . The present study demonstrates that the muscular bundles with prolonged conduction play an important role in the barrier and maintenance of LA flutter after PVI. Identifying the conduction block line and further creating additional line(s) crossing the isthmus of the re-entry barrier may contribute to a better clinical outcome. Study limitations. First, we did not analyze the electrophysiological characteristics of muscular bundle in normal control patients. Further study with detailed mapping and MDCT image in patients undergoing bypass tract ablation would provide more information to understand the pathophysiology of the muscular bundles. Second, we did not routinely check the complete block by differential pacing or criteria for conduction delay in each patient. However, many laboratories also used the voltage reduction or split potentials along the line as the end point of linear ablation with no attempt to assess the completeness of the line (31-33) because achievement of complete block in the mitral isthmus is sometimes difficult and laborious as a result of the thickness of local atrial tissue and/or to the blood flow of the coronary sinus (34) . Finally, a randomized trial with a standardized protocol of linear lesion will draw
